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We studied the tuning of structural and optical properties of ZnO thin film and its correlation to the efficiency of inverted solar cell using plasma-enhanced atomic layer deposition (PEALD). The sequential injection of DEZn and O 2 plasma was employed for the plasma-enhanced atomic layer deposition of ZnO thin film. As the growth temperature of ZnO film was increased from 100
• C to 300
• C, the crystallinity of ZnO film was improved from amorphous to highly ordered (002) direction ploy-crystal due to self crystallization. Increasing oxygen plasma time in PEALD process also introduces growing of hexagonal wurtzite phase of ZnO nanocrystal. Excess of oxygen plasma time induces enhanced deep level emission band (500 ∼ 700 nm) in photoluminescence due to Zn vacancies and other defects. The evolution of structural and optical properties of PEALD ZnO films also involves in change of electrical conductivity by 3 orders of magnitude. The highly tunable PEALD ZnO thin films were employed as the electron conductive layers in inverted polymer solar cells. Our study indicates that both structural and optical properties rather than electrical conductivities of ZnO films play more important role for the effective charge collection in photovoltaic device operation. The ability to tune the materials properties of undoped ZnO films via PEALD should extend their functionality over the wide range of advanced electronic applications. C 
I. INTRODUCTION
ZnO, one of the most attractive metal oxides, has been under intense research due to a variety of potential value in use. It (wurtzite structure) has band gap energy of 3.37 eV and excitonic binding energy of 60 meV and exhibits semiconducting, 1 opto-electric, [2] [3] [4] [5] [6] piezo-electric, [7] [8] [9] [10] [11] [12] and pyro-electric properties. [13] [14] [15] [16] Especially, controllable n-type, p-type semiconductor properties of ZnO film are well suited for many of device applications, such as electronics, optoelectronics, sensors, and the biological sciences. [17] [18] [19] [20] [21] [22] [23] A variety of methods have been established for the growth of ZnO thin films. Atomic layer deposition is one of the most attractive methods for the growth of ZnO thin film due to its simplicity, reproducibility, and highly conformal growth. [24] [25] [26] [27] [28] [29] [30] This layer-by-layer growth method can also make it easier to obtain highly ordered poly-crystal and/or very homogeneous film. And the surface controlled deposition characteristic allows high-aspect ratio deposition, which is suitable for various nano-structured electronic applications.
It is highly important to obtain facile tuning of ZnO thin film to meet the necessaries of various device applications with desired materials properties. Doping of ZnO is straightforward approach to tune its materials properties. [31] [32] [33] [34] [35] [36] [37] However, doping is generally difficult to control and reproduce. In fact, the materials properties of ZnO highly depend on the growth conditions, such as oxygen levels, impurities, growth rate and temperature, and even post annealing. Oxygen vacancies or impurities can create deep level states between valence band and conduction band, which directly or indirectly affect electronic properties of films, such as mobility, conductivity, optical absorption etc. 25, [37] [38] [39] Several studies of thermal-ALD and PEALD showed that the conductivity of ZnO film can be easily tuned by controlling the growth temperature and plasma time. 25, [40] [41] [42] For the optoelectronic applications of ZnO film, not only the electrical properties but also the structural and optical properties of ZnO film can also be very important factors for optimal device performance. It is important to establish the control of structural and optical properties of ZnO film and how the changes in such properties affect on the device applications.
One of the optoelectronic applications of ZnO films is using them as the electron conductive layers in inverted polymer solar cells. 43 Unlike conventional polymer solar cell, the generated electrons are collected at ITO cathode, whereas the generated holes are collected at top metal electrode in inverted polymer solar cell. [44] [45] [46] One of the key elements to enhance efficiency of inverted polymer solar cells is the effective collection of generated charge by the insertion of electron conductive layer (or hole barrier) and hole conductive layer (or electron barrier) between active layer and electrodes (cathode and anode). [44] [45] [46] These buffer layers help to maintain open circuit voltage, improve charge selectivity, and alleviate electron-hole recombination. ZnO films grown by sol-gel methods have been widely used as an electron conductive layer in this device configuration. 31, 33, 34, 36, 43, 47 Enhanced electrical conductivity of ZnO film may improve the performance of electron conductive ZnO layer in inverted polymer solar cell. By introducing a variety of methods of doping, several studies have focused on improving electrical conductivities of ZnO films for the applications of inverted polymer solar cells. 31, 33, 34, 36 Generally, ZnO grown by thermal ALD method provide better quality of film than ZnO grown by sol-gel method with improved structural order. While both the sol-gel and ALD growth of ZnO require high temperature processing, the PEALD method allows us to grow highquality ZnO film at relatively low temperature. Therefore, it is well suitable for the flexible solar cell technology, which is one of the main advantages of polymer solar cell over inorganic solar cells. The ability to control of surface morphology and crystal structure of electron conductive thin film (hole barrier) between active layer and electrode would be important factor to improve photovoltaic performance because increased surface area (morphology control) can increase short circuit current and improved crystallinity aids to avoid unwanted charge trapping. 3, 31, 48, 49 The electronic structure of ZnO thin film is also an essential property to function as an electron conductive layer (or hole barrier). It helps to maintain charge selectivity and open circuit voltage in inverted polymer cell. Therefore, it is highly desirable to achieve simple tuning of structural and optical properties of ZnO thin film for polymer solar cells and other optoelectronic applications.
In this work, we studied how the materials properties of ZnO thin film are associated with the PEALD growth conditions and their impact on the device performance. The surface morphology, crystallinity, optical band, and conductivity of undoped ZnO film were all highly dependent on the substrate temperature and O 2 plasma time in PEALD process. The device performances of these highly tunable ZnO thin films were tested by incorporating them into the polymer solar cells. Improving conductivity of ZnO film can be presumed to improve electron collection of ZnO layer in inverted polymer solar cell. However, our results showed that maintaining electronic structure of ZnO film is more important factor to improve photovoltaic device performance. The inverted polymer solar cell with an optimized PEALD ZnO thin film growth condition showed maximum efficiency of 4.08 % (J sc = 13.28 mA/cm 2 , V oc = 0.49 V, Fill Factor = 0.53) under A.M (air mass) 1.5 G illumination.
II. EXPERIMENTAL
All ZnO thin films were grown on ITO/Glass substrates, which were used further as the cathodes of polymer solar cells. Substrate was cleaned with de-ionized water, acetone, ethanol in ∼41 kHz ultrasonic cleaner bath for 30min in sequence. SVT associates Inc's Plasma Enhanced Atomic Layer Deposition (PEALD) system was used for ZnO thin film growth. Diethyl-zinc (DEZn) was used as a Zn precursor followed by Argon assisted oxygen plasma step for oxidation (oxygen source). Sample stage temperature of the PEALD chamber was maintained at 100
• C, and 300
• C to see the different film growth behavior. But source purging line was maintained at 100
• C for all batches of samples. DEZn source was maintained at room temperature. The source carrier gas (Ar) flow rate was 5-7 sccm (Standard Cubic Centimeter per Minute). The Ar gas and oxygen gas flow rates for argon assisted oxygen plasma were 10 sccm and 1sccm, respectively. 180 W of RF (radio frequency, 13.56 MHz) power was applied for oxygen plasma. For 1 cycle of ZnO layer growth, DEZn precursor was first injected for 0.01s and then purged with Ar gas for 50 sec to remove residues and other impurities. Then, Ar assisted oxygen plasma was ignited and maintained for 10-50 sec. Finally, the chamber was purged with Ar carrier gas (5-7 sccm) to remove remained oxygen gases. The growth conditions of PEALD ZnO films are summarized in Table I .
The thicknesses of ZnO films were measured by alpha step instrument. Although the profilometer can only provide rough estimation of the film thickness, typical thicknesses of ZnO films grown by 100 cycles of PEALD were ∼25 nm (∼0.25 nm/cycle of growth rate). The variation of film thickness depending on plasma time and substrate temperature was nominal without general trend. The sheet resistances of samples were tested by using four probe measurement. The surface image and morphology of ZnO thin film were taken by Field Emission Scanning Electron Microscopy (FE-SEM) and tapping mode of Atomic Force Microscopy (AFM), respectively. Crystal growth direction and structure of a ZnO thin film were analyzed using X-ray diffraction (XRD). (002) diffraction peak of ZnO thin film starts to develop when the growth temperature was maintained over 200
• C (Fig. 2(a) ). Increasing oxygen plasma time in PEALD process over 20 sec also enhanced (002) peak of ZnO thin film (Fig. 2(b) ). Photoluminescence (PL) spectra were measured at room temperature utilizing the 355 nm line with 0.3 sec exposure time and 0.1 sec acquistion time. To see an effect of ZnO thin film's crystal quality and optical property on the application of electronic devices, we fabricated inverted type polymer solar cell using ZnO layer as an electron conductive buffer layer. All ZnO thin films were grown on ITO/Glass substrates, which were used as the transparent conductive bottom electrodes. P3HT (poly(3-hexylthiophene), Regio-regularity 98%) : PCBM (Phenyl-C71-butyric acid methyl ester) bulk heterojunction layer was used as an active layer. P3HT:PCBM with 1:1 mass ratio was dissolved in 2 ml Clorobenzene (99.8%) solution and then spin coated on ZnO thin film/ITO/Glass substrate with thickness of ∼200 nm. Then, MoO x (5 nm)/Au(60 nm) layers were thermally deposited in step for the hole conducting layer. The photovoltaic effects were tested by using solar simulator (Abet technology, Xenon lamp) and I-V measurement system (IVIUM technologies) upon A.M 1.5 mass illumination (100 mW/cm 2 ). 
III. RESULTS AND DISCUSSION
All ZnO thin films studied as well as ZnO films used for polymer solar cells in this paper were grown by 100 cycles of PEALD process. Fig. 1 shows FE-SEM images displaying the surface morphology of the ZnO films deposited on the ITO/Glass substrate with different growth temperature ( Fig. 1(c)-1(e) ) and different plasma time ( Fig. 1(f)-1(h) ) of PEALD method, respectively. FE-SEM image of ZnO sol-gel film was also shown in Fig. 1(a) to compare surface morphology. They are all highly uniform and maintain low surface roughness variation (1-2 nm). As can be seen in Fig. 1(b) , ZnO thin film grown with 10 sec of oxygen plasma time and 200
• C substrate temperature displays no crystal structure or grain boundary, similar to the ZnO sol-gel film ( Fig. 1(a) ). But, with sufficient oxygen plasma time, vertically oriented nano-size crystals started to develop on the surface of ZnO thin films. As the plasma time was increased from 30 sec to 50 sec (see Fig. 1(c)-1(e) ), the nano crystals on ZnO thin films grew in size and surface morphologies of films displayed corn-like shape structure. A variety of the crystalline growth of ALD films from different initial seeds were previously studied. 24 The size of ZnO nano crystal grown with 20 sec plasma time for all different growth temperature (Fig. 1(f)-1(h) ) is typically smaller than that of ZnO nano crystal grown with longer plasma time 30 sec ∼ 50 sec (Fig. 1(c)-1(e) ). This suggests O 2 plasma assists nucleation of various size of single crystals that are more vertically oriented. 24 And in proportion to substrate temperature from 100
• C, ZnO nano-crystals were merged together with neighbor ZnO nano-crystals by the thermal energy and gradually grew in size with distinct grain boundaries (see Fig. 1(f)-1(h) ) Therefore, during the ZnO film growth at high enough substrate temperature, both chemical reaction of DEZn with oxygen and thermal reaction among ZnO seed crystal are present in PEALD process. films grown on ITO substrates showed only a (002) preferred orientation over the entire range of our deposition conditions except for amorphous samples (100 • C growth temperature sample and 10 sec of oxygen plasma time sample). As can be seen in Fig. 2(a) , XRD peaks of ZnO thin films were not found for the samples grown at 100
• C and 150
• C as well as the samples grown by sol-gel method. With increasing growth temperature over 200
• C, samples displayed (002) peaks for the hexagonal wurzite phase of ZnO thin films. The PEALD ZnO thin films were also developed into the same crystal phase with (002) peak by increasing oxygen plasma time. Fig. 2(b) displays that (002) diffraction peak became more apparent as we increased oxygen plasma time up to 50 sec in PEALD process. Overall, both increasing growth temperature and plasma ignition time result in a better crystallographic structure of ZnO thin film with enhanced single (002) orientation and larger grains. Fig. 3 shows Atomic Force Microscopy (AFM) topographic images of PEALD ZnO thin films grown with different O 2 plasma times (20, 30, 40 , and 50 sec). All samples display relatively homogeneous thin films with small variation of Root Mean Square (RMS) roughness 0.82 ∼ 2.45 nm. Both FE-SEM images (Fig. 1 ) and AFM images (Fig. 3) of ZnO films suggest that the nano-sized ZnO crystals start to develop and increase in size with increasing plasma time up to 30 sec. Then, ZnO crystal grains continue to expand more with increasing plasma time further. The growth dynamics of polycrystalline films in atomic layer deposition were thoroughly studied by Ola Nilsen et al. 50 According to their simulation, initial structure of nano-crystal will determine surface morphology and crystal growth direction with open plane site. The crystal growth of our ZnO thin films are illustrated as polyhedrons in inset of Fig. 3 , which are well correspond to the simulation of Ola Nilsen. The evolution of ZnO surface roughness also well follows this model of growth dynamics. As indicated in Fig. 3 , ZnO surface roughness initially increased and then started to decrease at some point with the growth of crystal grains. Generally, increase of film surface roughness leads to increase of effective surface area. In our ZnO thin films, the sample grown with plasma time of 30 sec is expected to have largest effective surface area.
A numder of studies indicate that the conductivity of ZnO thin film largely depends on native defect concentrations. 51, 52 In addition, interstitial impurities (such as C, H come from precursor DEZn), induced from ALD process can significantly affect electrical conductivity and optical property of ZnO film. Photoluminescence (PL) spectra for a series of ZnO thin film samples were measured to see both the direct band gap and deep levels from defects in ZnO thin films. Fig. 4(a) and 4(b) shows PL spectra of PEALD ZnO thin films with different growth conditions. All PL spectra display the well-known excitonic emission band peak of ZnO near the ∼384 nm wavelength (∼3.24 eV), which can be attributed to the recombination of free excitons. 38, 53, 54 And the deep level emission of broad region (500 ∼ 700 nm) is known to be related to the presence of the slightly ionized oxygen vacancies or other point defects. 38, 54, 55 The intensities of broad emission band from deep level slightly increase with increasing growth temperature (Fig. 4(a) ). 26, 56 The excess of oxygen plasma time in PEALD process also introduces the defect PL emissions related with zinc vacancies and other native defects. 25, 39 These defects due to excess plasma time also produces broad emission band at around 600 nm. 38, 52, 53, 57 Fig. 4(b) shows enhanced defect emissions in the PL spectrum with increasing oxygen plasma time (from 10 sec to 50 sec).
The sheet resistances of ZnO thin films grown on glass substrates with different plasma times were tested using standard four probe measurement. As oxygen plasma time was increase from 10 sec to 50 sec, sheet resistances of ZnO thin films were decreased from 10 M /cm 2 (for 10 sec O 2 plasma) to 10 K /cm 2 (for 50 sec O 2 plasma), nearly 3 order of magnitude (Fig. 4(c) ). The mobility and carrier concentration of ZnO film were tested by standard hall bar configuration with DC bias. The estimated mobility and carrier concentration for the sample of 50 sec plasma time were 3.84 V · s/cm 2 and 2.5×10 15 cm -3 (p-type), respectively. The resistances of other samples were too high to perform reliable Hall measurement. This reduction of sheet resistance of PEALD ZnO thin films may be attributed to two main reasons. One is growth of ZnO nanocrystal grain size. As O 2 plasma time is extended, ZnO crystal size also increases as can be seen in FE-SEM images (Fig. 1) . This bigger crystal size allows longer carrier's mean free path within the ZnO film layer. 58, 59 And the other may be attributed to the excess of oxygen, which basically leads to Zn vacancy and broken intrinsic stoichiometry of ZnO. Indeed, high quality and strictly stoichiometry ZnO film is highly insulating. Generally, the electrical properties of ZnO films are highly dependent on the impurities, such as hydrogen and hydroxyl, which can be induced in ALD process. 25-30, 37, 60, 61 Both hydrogen and hydroxyl in ZnO behave as shallow donors and lead to higher carrier concentration. 20 Annealing ZnO film can effectively remove such impurities. We found that annealing of our PEALD ZnO thin films typically induced increase of sheet resistance by a factor of 10.
We employed PEALD ZnO thin films as the electron conductive layers in inverted polymer solar cells to study the effect structural evolution of ZnO thin films on the electronic device operations. Well known P3HT:PCBM bulk heterojunction film was used as an active layer of polymer solar cell. Fig. 5(a) and 5(b) display device structure for the fabricated inverted polymer solar cell structure and schematic for the photovoltaic process in our devices, respectively. Unlike conventional polymer solar cell, the generated electrons are collected in ITO cathode, whereas the generated holes are collected in top Au electrode in inverted polymer cell. ZnO thin film in this device configuration functions as an electron conducting layer (or hole blocking layer) by selective charge collection at the interface. Photovoltaic performance was measured under AM 1.5 illumination for a series of inverted polymer solar cells using ZnO films grown by different O 2 plasma times. The characteristic parameters of current-voltage curves for those solar cells are summarized in Table I . All values in Table II samples with 50 sec O 2 plasma time for ZnO growth exhibited significant fall down of FF as shown in Fig. 5 and Table II . It should be also emphasized that the sheet resistances of ZnO films significantly drop as the O 2 plasma time increased (Fig. 4(c) ). The role of enhanced conductivity of ZnO thin film may be trivial in effective electron collection in inverted polymer solar cell. The substantial reduction of FF may be attributed to the Zn vacancies or other impurities (such as oxygen interstitials and space point defects) induced from excess plasma time. The pristine ZnO has direct band gap of 3.37 eV. But plasma induced Zn vacancies and other impurity defects can creates a number of deep levels, which could build an inter energy band. The formation of inter band in ZnO film can interrupt not only immediate exciton seperation but also selective charge collection at the interface. 52 Therefore, ZnO film which has those defects cannot work properly as an electron conductive buffer layer (or a hole barrier) in the inverted polymer solar cell. Ineffective charge collection at the interface as well as electron-hole separation could enhance recombination, especially at low potential gradiaent in the active layer. This is also consistence with the PL spectra in Fig. 4 (a) and 4(b), which display enhanced deep level emission band in ZnO film with increasing O 2 plasma time in deposition process. The PEALD ZnO films may also contains other impurities, such as C, H from diethyl residue. Although such impurities can affect electrical properties of ZnO films, they also interrupt photovoltaic process by trapping free carriers. These impurities in PEALD ZnO films can be effectively removed by annealing samples over 300
• C. Fig. 5 (d) displays current-voltage curves for a series of cell In summary, ZnO thin films with controlled structural and electronic properties by PEALD process were incorporated into inverted polymer solar cell. In assessing photovoltaic performance of solar cell, V oc , I sc , and FF are generally considered as the most important factors. According to deposition conditions of ZnO films in PEALD process, there were huge differences in I sc and FF of cell devices based on ZnO films even though their V oc remained at almost same value of 0.5 V or less. Above all, sample's fill factors (FF) were significantly varied depending on oxygen plasma time (from 0.53 to 0.34) as shown in I-V curves (Fig. 5 ) and summarized data (Table II) . Although annealing ZnO films induced significant increase of sheet resistances, it introduced substantial improvement on I sc and FF for all series of devices. And the lowest FF (0.34) was obtained for the samples with ZnO films grown by 50 sec O 2 plasma time, which can be attributed to the significant modification of electronic configuration of ZnO film due to a large number of defects. Highest efficiency of η = 4.08 % with Jsc = 13.28 mA/cm 2 , V oc = 0.49 V, and FF = 0.53 was obtained for the annealed cell devices with ZnO film grown by 20 sec O 2 plasma time.
IV. CONCLUSION
Highly tunable structural and electronic properties of ZnO thin films were obtained using PEALD method. With relatively simple modification of deposition process, ZnO films display substantial evolution in the wide range of structural and physical properties, such as growth of nano crystal, surface roughness, photoluminescence, sheet resistance, etc. This readily tunable ability for the ZnO thin film growth is highly desirable since ZnO film has been under intense research for various device applications. We implemented these tunable ZnO films into inverted polymer solar cells and studied how the change in structural and optical properties of ZnO films affects on the photovoltaic device operations. Our results showed that structural and optical properties rather than electrical conductivities of ZnO thin film are more important factors for the optimal photovoltaic device operation. 
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